Wide azimuth seismic data acquisition has become standard in many plays where azimuthal characterization of fractures or stress is important for fully understanding reservoir behavior. Usually, the desire is to image preexisting fracture networks, but, in artificially stimulated reservoirs, it is also desirable to understand the fracture state after completion. To characterize the induced fractures in a heavily drilled area of the Barnett Shale, a wide azimuth survey was acquired and processed to generate four separate azimuthal stacks. Attributes exploiting variations in amplitude and waveform were independently calculated for each azimuthal stack. Azimuthal variations in the attributes were then quantified through ellipse fitting. The attributes with the most statistical significance in azimuthal variability were those related to frequency such as the wavelet dominant frequency. These attributes were consistent with each other but show a wide distribution over azimuths across the survey. In addition, random distribution of orientations within the Barnett shale compared to the over and underlying Marble Falls and Viola Limestones indicate a difference in orientation for the induced as opposed to preexisting fractures. With the ability to map the induced fractures, it becomes feasible to take an intelligent approach to planning infill locations to avoid the previously fractured areas.
Introduction
Economic production from the Barnett Shale requires hydraulic stimulation to create pathways for fluid flow. Much of the early development in the Barnett took place with vertical or horizontal wells without a good understanding of optimal placement and spacing. This has resulted in the current situation where there is believed to be tremendous potential for continual development of bypassed pay. With the possibility for sustained low natural gas prices in the future, there is a strong desire to take a more intelligent approach to placing these infill wells than was used for primary development. This study looks at an attempt to image previously stimulated areas to maximize the development of bypassed pay zones. It is desirable to avoid previously stimulated areas due to potential interference with preexisting induced fractures during stimulation as well as minimizing exposure to depleted zones. Engineering data alone cannot predict the stimulated area for existing wells. Microseismic data exist for only a small subset of the original wells, and where it does exist, there is a questionable connection between microseismic events and effectively propped and produced volume. For these reasons, we turned to surface seismic data, which has been extensively exploited in the Barnett for hazard avoidance and natural fracture characterization (Rich and Ammerman, 2010) . The goal in this study was to exploit a 3D seismic study which was shot after primary development for imaging of induced fractures. Although it is common practice to use seismic data and its derivative products (attributes, velocity anisotropy, amplitude variation with azimuth) to map natural fractures (Schoenberg and Sayers, 1995; Lynn, 2004; Chopra and Marfurt, 2007) , little has been reported on mapping induced fractures. Wide azimuth surface seismic data is often used to characterize azimuthal velocity anisotropy which is related to the strike of fractures or maximum stress direction which determines how the reservoir responds to stimulation (Rich and Ammerman, 2010) . Due to variations in the orientation and intensity of fractures, attributes calculated on azimuthal volumes can also provide insight into the spatial variability of the fractures. Because these seismic experiments can detect naturally occurring fractures in reservoirs, it is a simple extension to characterize hydraulically induced fractures. This case study demonstrates how these azimuthally sectored volumes and their attributes may be used to map the 1 hydraulically induced fractures in the Barnett Shale, Ft. Worth Basin.
Acquisition and processing
In April 2009, Devon Energy acquired a wide azimuth, 51-km 2 , proprietary 3D seismic survey over a highly developed area of the Barnett Shale. Overall, the P-wave seismic data are of excellent quality with a high signal-to-noise ratio with broad spectral content approaching 100 Hz (Figure 1) . Table 1 summarizes the acquisition parameters. Offsets equal to or greater than the target depth were acquired.
During processing, the azimuthal velocity variations were computed based on the far-offset azimuthal variation in travel times. The data was prestack time-migrated, and four 45°wide azimuthally sectored volumes centered about 0°(North), 45°, 90°, and 135°were generated for further analysis. Figure 2 shows the azimuth (spider diagram) of the midpoints inside representative CMP bins. Overall, there was a good distribution over all azimuths justifying the azimuthal processing. Although Table 1 shows the bin size to be 110 × 110 ft (33 × 33 m), the bin size of the azimuthal sectored volumes was increased to generate "super gathers" at 220 ft (67 m) to increase fold. Figure 3a shows the fold of the 110 ft bins to be about 35, whereas the fold for the super gathers in Figure 3b is about 55.
Geologic and production data
The 3D survey is within an area that was heavily developed early in the history of the Barnett Shale (Martineau, 2007) . There are several hundred Barnett gas wells, approximately two-thirds of which are vertical or directional, and the remainder of which are horizontal. There is a substantial amount of geologic and petrophysical data related to these wells. Image logs were run on sixteen wells prior to 3D seismic acquisition and two wells after the acquisition. Approximately a dozen microseismic experiments were run on another subset of wells prior to acquisition. Four wells have conventional cores, eight wells have sidewall cores, and one well has conventional and sidewall cores. In addition, two production logs were acquired. Completed zones for vertical wells consist of the Upper and Lower Barnett intervals. Horizontal wells are primarily landed and completed in the Lower Barnett interval; however, there are seven horizontal Upper Barnett completions, including one with microseismic. These data were used to corroborate the locations of the hydraulically induced fractures as derived from the surface seismic.
Azimuthal attribute analysis
Typically, seismic attributes are run on full-azimuth, full-offset stacked data. In this study, a full suite of attributes was generated using each of the four azimuthally sectored volumes. In total, 180 attributes that exploit geometric, phase, frequency, and amplitude differences were calculated on each sectored volume. Horizons were picked independently on each azimuthally sectored, stacked, and migrated volume. This prevents any residual time differences from manifesting as amplitude variations for the extracted attributes. Three horizons above the zone of interest were chosen, plus one at the top of the Barnett Shale, one within the Barnett Shale, and one below. This resulted in 4320 amplitude slices, 1080 for each azimuthal volume. Analyzing anisotropy along multiple horizons provides a means of differentiating azimuthal variability in the hydraulically fractured target, and "natural" anisotropy expressed in the underlying and overlying fracture barriers.
The wells are assumed to be producing from open, hydraulically induced gas-filled fractures, and if horizontally transverse or orthorhombic symmetry is present (one dominant set of vertically aligned open fractures), it should be possible to detect open fractures with surface seismic (Lynn, 2004) . Variations are expected in the intensity and orientation of the induced fractures based on the wide variety of microseismic responses observed within the survey (Figure 4) . Knowledge of the fast and slow azimuth directions, velocity anisotropy trends from previous seismic experiments (Simon, 2005) , and behavior of the microseismic data all aid in confirming this expectation.
Ellipse fitting to azimuthal volumes Grechka and Tsvankin (1998) show how the NMO velocity in a medium with horizontally transverse symmetry is elliptical with respect to azimuth. Fitting an ellipse to time delays in azimuthally sectored data has been a standard approach to azimuthal velocity analysis in the past (Garotta, 1989; Grechka and Tsvankin, 1999) . However, it has been demonstrated that the layer stripping necessary for defining interval azimuthal properties is very sensitive to the number of sectors and may require an unrealistic number of sectors for reliable results (Lynn, 2007 (Lynn, , 2011 . Because the major objective in this study was the characterization of the individual layer properties, we instead chose to look at amplitudes which do not suffer the same shortcomings. We exploited the potential azimuthal variations in amplitude by considering azimuthal variations in attributes which are associated with the waveform. To avoid the overprint of the time-delay anisotropy, the same horizon was interpreted independently on each of the azimuthally sectored volumes. These horizons were then used to extract a given Interpretation / November 2013 SB53 attribute for each corresponding azimuthally sectored volume. These attribute values AðθÞ were then fitted to an ellipse following the methodology of Thompson (2010) 
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Equation 2 has the form A ¼ TC, where A is a vector of the measured attributes, and C is a vector of the unknown coefficients, which can be solved using leastsquaresĈ
where I is the identity matrix and σ is a small positive number used to stabilize the result. To find the major and minor axes of the ellipse, the ellipse is rotated by some angle β such that these line up with the local coordinate system. For this problem, the equation of the ellipse can be written as
where λ 1 and λ 2 are the eigenvalues of the matrix formed by the general coefficients a b b c
and where β is the azimuth of the eigenvector associated with the eigenvalue λ 1 (Figure 5 ). The eccentricity e (or degree of anisotropy) of the best-fit ellipse is given by
By construction λ 2 ≤ λ 1 ; therefore, 0 ≤ e ≤ 1. The reliability of the azimuthal attribute is defined as:
The definition of reliability for azimuth was chosen such that it is lower for an attribute that has little variation in amplitude relative to the root-mean-square (rms) error. To determine a statistically significant threshold for reliability, data ellipses were fit to random data and reliabilities were calculated. For the random data set, a median reliability of 5.1 was acquired over multiple iterations, with more than two-thirds of the random data falling below a reliability of six.
After fitting ellipses to all 180 attributes for the six horizons, the eccentricity e, as seen in equation 6, and reliability, R, in equation 7, were mapped and compared. The median reliabilities for the horizons varied from four to seven. Those horizons with reliabilities below the random median value of 5.1 were binary attributes that are unfit for ellipse fitting and they were subsequently discarded from the analysis. The attributes were ranked based on the median reliabilities, with the top 10 attributes chosen for further analysis. One of these is the wavelet dominant frequency attribute, defined as a measure of central tendency of the bandwidth (Barnes, 1993) . Figures 6 and 7 show the eccentricity and reliability of the wavelet dominant frequency attribute, respectively for the Lower Barnett Shale and Viola Limestone horizons.
Notice in Figure 6a that the degree of eccentricity is larger at the top of the Lower Barnett Shale than at the top of the Viola (Figure 6b) , indicating a different fracturing regime at the interface at the top of the Barnett than at the base. Figure 7a and 7b shows the reliability calculated at the Lower Barnett Shale and Viola. Where the map is red, the reliability exceeds six. Clearly, most of the data falls into this category indicating statistical significance for the eccentricity values when compared to random data where two-thirds of the data has a reliability value less than six. To further exploit differences between the horizons, we investigated the correlation of eccentricities by crossplotting the Marble Falls top versus the Lower Barnett Shale top. It is assumed that the natural fracture orientation is similar in the Marble Falls and Barnett formations. Based on microseismic data, induced fractures within the Barnett do not penetrate into the Marble Falls. The Figure 5 . Illustration of the parameters used for ellipse fitting and calculation of eccentricity and reliability.
SB54 Interpretation / November 2013 expectation is that a lack of azimuthal correlation between the two attributes would be attributable to the induced fracture orientations in the Barnett. From crossplotting the ten attributes that exhibited the highest eccentricity, three attributes related to spectral characteristics were found to have poor correlations between the Marble Falls and the Lower Barnett Shale. Correlation coefficients ranged from 0.08 to 0.2. These attributes were the Gabor-Morlet spectral components, the wavelet envelope derivative and the wavelet dominant frequency (Taner, 2000) .
Next, we looked at the ellipse fit azimuths for these attributes with poor correlations between the Marble Falls and the Lower Barnett Shale. If orthorhombic symmetry with one set of vertically aligned fractures is present, one dominant azimuth direction would be expected. Rose diagrams were created from the azimuth of the best-fit ellipse for each of the four attributes on each of the four horizons, Marble Falls Limestone, Forestburg Limestone, Lower Barnett Shale, and the Viola Limestone. The azimuths in Figure 8 show a dominant east-west orientation in the Marble Falls and Viola whereas the orientations are significantly more random within the Forestburg and the Lower Barnett.
Finally, the azimuths were compared with the eccentricities. Figure 9 displays the azimuth directions using a cyclical colorbar blended with the eccentricities in grayscale for each of the four horizons. Larger eccentricities appear black, while smaller eccentricities are transparent. These maps show there are higher eccentricity values for the Marble Falls Limestone and the Viola Limestone with lower values for the Forestburg Limestone and the Lower Barnett Shale, implying the competent, nonartificially fractured Marble Falls and Viola Limestone are more anisotropic than the known artificially fractured interval. This also contradicts the assumption of orthorhombic symmetry in the Lower Barnett Shale and suggests a more complex, induced fracture network.
Incorporation of well data
We have two means of directly measuring the fracture azimuth and intensity of damaged rock: through the use of image logs run before the stimulation process, and through microseismic events run during the stimulation process. Image logs and microseismic experiments were used to verify the finding of a complex induced fracture orientation as seen from the surface seismic.
The use of image logs has increased substantially over the last few years and has become a common addition to the standard suite of logging while drilling (LWD) tools used in the Barnett Shale. Information derived from these images include detection of natural and drilling induced fractures, estimation of the density and orientation of the fractures, classification of open and closed fractures, and the resulting interpretation of stress states around the borehole (Quinn et al., 2008) . This information is used to better place, orient, drill, and complete future wells.
Natural fracture distribution can vary within a basin and can make the difference between an uneconomic and economic well (Quinn et al., 2008) . In the Barnett Shale, the best-performing wells appear to be drilled in areas that do not have any preexisting fracture networks. Similarly, induced fractures are also detrimental; tapping into these fracture networks may negatively impact production and lead to the loss of fracture energy to break new rock. To optimize the hydraulic stimulation program, it is necessary to obtain information about the type, location, frequency, and direction of fractures (Janwadkar et al., 2007) .
The picks relevant for this study were the open-conductive fractures and the closed fractures. To evaluate the image logs, which represent one point within the survey, all of the picks were combined and interpreted together. The picks were separated into six groups: open-conductive fractures above and below the Lower The microseismic response in the Barnett Shale tends to be less predictable than in many other plays. The small differential stress field combines with a complex natural rock fabric to produce this highly variable response Interpretation / November 2013 SB57 (Rich and Ammerman, 2010) . The expectation is that the areas in which microseismic response occurs are more likely to exhibit complex induced fractures. It is important to note that there are hundreds of wells without microseismic data, so it is impossible to compare in entirety the fractured areas to the eccentricity. However, in a comparison of the microseismic events with the ellipse fit eccentricities filtered by reliability; the microseismic appears primarily in areas of low eccentricity and low reliability (Figure 9 ). This suggests a complex fracture network resulting from the hydraulic stimulation of the well. This also leads to a reasonable expectation that the other areas with low eccentricity are more likely to have induced fractures.
Conclusions
Azimuthal variations in the seismic data can be accentuated through the use of attributes. Mapping the eccentricity and the reliability of the best-fit ellipse for the azimuthal attributes is interpreted as an indicator of hydraulically induced fractures. Comparison of reliability of ellipse fit with random data indicates a statistically significant azimuthal variation in the seismic attributes, with the spectral attributes exhibiting the strongest reliability. The ellipse fitting of the attributes further verified that multiple azimuthal directions are seen within the fractured interval and are more complex than previously believed. Correlation of observed and inferred fractures through the use of image logs and microseismic support the observations of complex induced fractures. Although curvature, velocity anisotropy, and maximum horizontal stress all play a part in predicting how the rock will fracture, there is not one dominant azimuth the induced fractures prefer. This study has shown that, where the wells have been hydraulically fractured, there is a very complex fracture fairway. It cannot be assumed there is orthorhombic symmetry within the fractured interval and therefore the areas of induced fractures cannot be completely characterized by azimuthal P-wave surface seismic alone. Although the eccentricity can be useful for high grading infill locations, the use of converted wave data may be necessary to provide additional insight in areas of hydraulically induced fractures with two or more sets of cracks.
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